Introduction {#dex320s10}
============

ART as an effective treatment option for infertility and its use is increasing significantly with up to 4% of infants globally conceived in this way ([@dex320C38]). Although ART protocols have improved markedly, still overall only 30% of ART cycles result in the live birth of a baby ([@dex320C22]). The absence of an objective, precise, and non-invasive oocyte selection strategy remains one of the major challenges in ART. The gold standard criteria for the assessment of oocyte quality are based on morphological benchmarks such as oocyte cytoplasm, polar body shape, zona pellucida thickness and meiotic spindle position ([@dex320C13]). However, these methods have drawbacks in terms of accuracy, objectivity and consistency ([@dex320C2]).

Recently, several studies, aimed at discovering non-invasive and objective tools to evaluate indirectly oocyte quality ([@dex320C51]; [@dex320C20]), have focused on cumulus cells (CCs) as a mirror of oocyte characteristics. Inter-communication between the oocyte and the surrounding CCs is essential for the formation of a competent gamete for fertilization, and affects the resultant embryos' development and the chance of successful pregnancies ([@dex320C17]). CCs regulate oocyte maturation strictly by producing regulatory signals and paracrine factors. In addition, CCs drive meiotic resumption and modulate changes in the oocyte cytoskeleton ([@dex320C12]). Conversely, alterations in CCs have been linked to oocyte maturation arrest and the formation of non-competent gametes ([@dex320C44]). In this context, much effort has been spent to develop molecular strategies aimed at selecting the most competent oocyte. Transcriptomic profiling of follicular cells allowed the identifications of several genes expressed in CCs that could function as oocyte regulators ([@dex320C30]). Moreover, CC gene expression profile has been assessed in different species to understand the relationship between CCs and oocytes ([@dex320C4]; [@dex320C3]; [@dex320C41]; [@dex320C47]; [@dex320C53]; [@dex320C6]), maturation and fertilization rate ([@dex320C35]), and pregnancy outcome ([@dex320C19]; [@dex320C23]; [@dex320C5]; [@dex320C54]). Global expression profiling studies on CCs revealed a plethora of putative biomarkers of oocyte competence. However, the general lack of uniformity renders their utility in the clinical setting controversial. Recently, Hammond and colleagues ([@dex320C24]) suggested that a combination of time-lapse and CC gene expression assessment might predict embryo quality. In order to acquire this knowledge, we previously performed, using a whole DNA microarray approach, a CC transcriptome study in patients undergoing different ovarian stimulation treatments ([@dex320C21]). This work demonstrated that distinct gonadotropin preparations differentially modulate CC transcripts involved in the trafficking of retinoic acid and ovarian steroidogenesis (RXRB, TTR, ALDH8A1), and in the follicular development (IL11 and AKT3) ([@dex320C21]).

The present research focused on a specific target-pathway expression study utilizing quantitative real time--polymerase chain reaction (qRT-PCR), to correlate gene expression in CCs to the reproductive outcome. The aim of the study is to disclose a specific CC gene expression signature linked to oocyte competence. We focused on the analysis of 92 transcripts in the PI3K/AKT signalling pathway in CCs associated with oocytes that gave different reproductive outcomes. The PI3K/AKT pathway, already evidenced in our previous study ([@dex320C21]), plays a pivotal role in the interdependence and continuous feedback between the oocyte and CCs. It is activated in CCs to fulfil their role in oocyte development via transduction of pro-survival signals ([@dex320C26]).

To investigate further the hypothesis that specific CC genes in the PI3K/AKT pathway could be the signal that the oocyte has become competent for fertilization, a mouse CC target gene expression study was conducted. Different levels of competence based on mice post-ovulatory age were related to gene expression. These experiments were based on the knowledge that oocyte maturation in most mammalian species is completed within 12--24 h, and during this brief period significant qualitative molecular changes take place. These changes initiate and regulate resumption of meiosis, prevent polyspermic fertilization, and promote the exit from the MII arrest stage. In the mouse, oocytes are ovulated in the MII stage around 12 h after the LH surge and are expected to be fertilized within 6 h after ovulation ([@dex320C15]). Outside this window, post-ovulatory oocyte aging sets in ([@dex320C36]).

Starting out from this assumption, the expression levels of three genes included in our significant data set (Akt1, Bcl2l1 and Shc1) were analysed in mouse CCs associated to oocytes at different times from hCG priming (9, 12, 15, 21 and 24 h post-hCG administration). The gene expression analysis disclosed similar results in both humans and animal models indicating that CCs associated to the positive outcome showed a reduction in the expression of specific genes involved in cell proliferation.

This study reveal, for the first time, that specific CC genes in the PI3K/AKT signalling are strictly related to oocyte competence and could represent potential non-invasive biomarkers predictive of IVF outcome.

Material and Methods {#dex320s11}
====================

Patients {#dex320s11a}
--------

Cumulus-oocyte complexes (COCs) were collected at the IVF laboratories of the University of Pisa and the Cannizzaro Hospital of Catania from good prognosis IVF patients (healthy patients) undergoing standard assisted reproduction protocols between December 2013 and June 2015. Fifty-five healthy women aged \<35 years with normal BMI (18.5--24.9 kg/m^2^), FSH \< 8 pg/ml, antral follicle count \>7, and regular cycles who had been referred to IVF or intracytoplasmic sperm injection (ICSI) treatment for male-factor infertility or tubal disease participated in the study after providing written informed consent. The study was approved by the local Ethical Committee of Pisa (protocol number 2007-005397-31) and performed in compliance with the Declaration of Helsinki. The study was also carried out under the supervision of the Italian Society of Embryology and Reproduction.

Patients were down-regulated with GnRH agonist (Enantone; Takeda Pharmaceutical Co.) and received 225 IU hp-hMG daily (Meropur; Ferring Pharmaceuticals), or 150 IU r-hFSH + 75 IU r-hLH daily (Pergoveris; Merck Serono). All patients received gonadotropin treatment for a maximum of 12 days and ovulation was induced by a single administration of human chorionic gonadotropin (hCG) (10000 IU; Gonasi®, IBSA, Lugano, Switzerland) on the day after the last hMG-HP or r-hFSH/r-hLH injection when the leading follicle had reached a mean diameter of ≥17 mm. Aspiration of the oocytes was performed transvaginally by ultrasound guidance 36 hours after hCG administration. The embryos were transferred after 5 days of culture. All patients were tested for pregnancy 12 days after embryo transfer by Beta hCG test. In case of a positive pregnancy test, the patients were followed up to the onset of clinical pregnancy (i.e. gestational sac containing an embryo with a heartbeat).

Human CCs collection {#dex320s11b}
--------------------

Following follicular aspiration, collected COCs were immediately washed in HEPES-buffered medium (Cook, Brisbane, Australia). CCs were dissected using a sterile scalpel and transferred immediately into a sterile tube containing 50 μl of RNAprotect Cell Reagent (Qiagen Ltd, Crawley, UK) and stored at −80°C until further analysis. A total of 220 CC samples were retrieved from the 55 patients. All were derived from COCs' containing mature oocytes with a polar body. All COCs included in the analysis were fertilized successfully and embryos were selected and transferred at the blastocyst stage. A single embryo was transferred for 16 patients and transfers were performed only when the level of progesterone on hCG-day and endometrium were adequate. We analysed only the first ET per patient. Among the 16 embryos transferred, 6 achieved a clinical pregnancy (Positive) and 10 did not (Negative) (Fig. [1](#dex320F1){ref-type="fig"}). The two groups were balanced for the different gonadotropin doses received.

![Experimental design. The flowchart depicts the experimental design of the study including the number of samples enroled, stimulation protocol used and patient inclusion criteria. CCs, cumulus cells.](dex320f01){#dex320F1}

The CC samples associated to each transferred embryo were then processed for molecular analysis.

As shown in Table [I](#dex320TB2){ref-type="table"}, both groups were comparable for age, infertility duration, basal levels of FSH, number of antral follicles, serum estradiol levels on hCGhCG-day and number of oocytes collected. Table IPatient demographics and baseline characteristics. Data are presented as mean ± SD.Group 1 positiveGroup 2 negative*P*-value^a^No. of patients610Age (y)33.1 ± 1.834.1 ± 1.0NSDuration of infertility (y)3.1 ± 0.82.9 ± 1.2NSBasal FSH (mU/ml)5.2 ± 1.54.9 ± 1.4NSAFC16.4 ± 2.115.5 ± 3.1NSTreatment length (d)11.5 ± 1.511.7 ± 1.9NSTotal gonadotropin dose (IU)2565 ± 10002650 ± 1125NSE~2~ on hCGhCG-day (pg/ml)1435.4 ± 4801515.5 ± 540NSNo. of oocytes collected11.3 ± 2.810.6 ± 2.5NS[^1][^2]

Mice {#dex320s11c}
----

CD-1 mice were obtained from Charles River Italia s.r.l. (Calco, Italy). Animal care and experiments were carried out in accordance with the Guiding Principles in the Care and Use of Animals approved by the University of L'Aquila (Italy). Mice were housed at 22 ± 2°C, 12--12 h light--dark cycle, with lights on from 8 a.m. to 8 p.m., free access to water and food, four animals per cage). At the age of 4--8 weeks, females were superovulated by intraperitoneal injection of 10 IU of PMSG (Folligon; Intervet-International, Boxmeer, Holland) and 10 IU of hCG (Profasi HP 2000; Serono, Roma, Italy) 48 h apart. Mice were killed by cervical dislocation at different times post-hCG. To collect COCs in the periovulatory phase, ovaries were removed from mice at 9 h post-hCG by puncturing large follicles. To collect ovulated COCs, oviducts were excised after 12, 15, 21 and 24 h post-hCG. Three animals per time point were used.

Mouse CCs collection {#dex320s11d}
--------------------

Cumulus masses were transferred in M2 medium (Sigma, St. Louis, MO) containing 0.1 mg/ml hyaluronidase (Sigma) for 7 min. MII oocytes were removed and CCs were transferred into a sterile tube containing 50 μl of RNAprotect Cell Reagent (Qiagen Ltd, Crawley, UK) by using a stripping pipette. CCs from at least 30 COCs were used for each experimental condition.

RNA extraction and qRT-PCR {#dex320s11e}
--------------------------

Arcturus PicoPure RNA Isolation Kit (ThermoFisher Scientific, Waltham, MA, USA) was used for total RNA purification from all human CC samples reported in Table [I](#dex320TB2){ref-type="table"} and mouse CC samples.

PI3K/AKT signalling pathway TaqMan Array {#dex320s11f}
----------------------------------------

Total purified RNA was linearly amplified using the AminoAllylMessageAmp™ II aRNA Amplification Kit (Ambion, Austin, TX, USA) in two amplification rounds following manufacturer\'s instructions. About 7 μg of the amplified RNA was reverse transcribed using the High Capacity RNA-to-cDNA Kit (ThermoFisher Scientific, Waltham, MA, USA). A 96-well TaqMan Array Human PI3K signalling Pathway (ThermoFisher Scientific, Waltham, MA, USA) was employed for expression analysis. Each array contains 92 assays for genes involved in the pathway and four assays as reference genes ([Supplementary Table SI](#sup1){ref-type="supplementary-material"}).

cDNA was mixed with DNase-free water and added to 2XTaqMan Universal PCR Master Mix No AmpErase UNG (ThermoFisher Scientific, Waltham, MA, USA) following manufacturer\'s instructions. A 96-well TaqMan Array Human PI3K Pathway was loaded with 20 μl per well of the mix and run on an Abi 7900HT Sequencing Detection System (ThermoFisher Scientific, Waltham, MA, USA). The amplification conditions were 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Two independent experiments were run for 12 samples, the remaining 4 samples had insufficient RNA for the technical replicate, for a total of 28 plates as reported in Fig. [1](#dex320F1){ref-type="fig"}.

Target genes qRT-PCR {#dex320s11g}
--------------------

One μg of total purified RNA from eight patients (four in the positive group, four in the negative group) and from mouse samples was reverse transcribed using the High Capacity RNA-to-cDNA Kit (ThermoFisher Scientific, Waltham, MA, USA). The remaining patients were not analysed due to inadequate amounts of RNA. qRT-PCR was performed in a total volume of 20 μl containing 2XTaqMan Universal PCR Master Mix No AmpErase UNG and 25 ng of cDNA using TaqMan Gene Expression Assays (20X) (mouse assays: Mm01331626_m1 for Akt1, Mm00437783_m1 for Bcl2l1, Mm00468942_g1for Shc, Mm00433149_m1 for Esr1, Mm00490671_m1 for Foxo1, Mm01185722_m1 for Foxo3, and Mm00840140_g1 for Foxo4; human assays: Hs01046816_m1 for ESR1, Hs00231106_m1 for FOXO1, Hs00818121_m1 for FOXO3, Hs00172973_m1 for FOXO4) on an Abi 7900HT Sequencing Detection System. GAPDH (mouse assay Mm99999915_g1; human assay Hs02786624_g1) and GUSB (mouse assay Mm01197698_m1; human assay Hs00939627_m1) were used as housekeeping genes (ThermoFisher Scientific, Waltham, MA, USA). Real time amplification conditions were 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Each sample was run in triplicate.

Data analysis {#dex320s11h}
-------------

### PI3K/AKT signalling pathway TaqMan Array {#dex320s11h_1}

Raw data were analysed by DataAssist software (ThermoFisher Scientific, Waltham, MA, USA). Each analysis underwent a global normalization using GAPDH, 18 s, and GUSB as selected internal controls. Only genes showing no outlier replicates and high expression in CCs (Ct \< 30) were included in the analysis. The transcripts that showed high degree of variability across samples, and small fold differences between the two classes studied (positive and negative outcome) were excluded. A gene was considered differentially expressed in positive CCs versus negative CCs when showing a fold change \>1.4 or \<0.7 and a *P*-value \< 0.05 (ANOVA). *P*-values were adjusted using Benjamini--Hochberg FDR correction test. The fold changes and statistical significance for each gene in the array are reported in [Supplementary Table I](#sup1){ref-type="supplementary-material"}.

qRT-PCR {#dex320s11i}
-------

The genes' relative expression was corrected against GAPDH and GUSB genes as internal controls. The ΔΔCt method was employed to compare relative fold changes between samples (12, 15, 21, 24 h post-hCG) and control (9 h post-hCG) for mouse CCs; human CC relative fold changes were calculated in positive group versus negative group. ANOVA was used to assess the *P*-value, considering data significant when *P* \< 0.05.

### IPA-inferred Biological Networks and Upstream Regulators analysis {#dex320s11i_1}

The 11 significant de-regulated genes were analysed by Ingenuity Pathway Analysis (IPA) software (Qiagen, Hilden, Germany). IPA-inferred network analysis was generated for the 11 transcripts linking their functionality to the function of other genes and a mechanistic network of these genes was highlighted based on their connectivity and enrichment statistics. A Fisher\'s exact test was used to generate the network score, based on the number and size of eligible genes and the total number of genes that could be included in the network. An upstream effect analysis was run to predict the drivers of the expression modulation evidenced. The predicted effect is based on a value calculated by the IPA *z*-score algorithm. The *z*-score predicts the direction of change for the function (negative or positive), being significant when showing a *P* \< 0.005.

Results {#dex320s12}
=======

Data showed that the selective modulation of a set of transcripts involved in the PI3K/AKT signalling pathway in CCs related to the IVF outcome. In particular, the analysis highlighted 11 transcripts (namely: AKT1, ARHGEF7, BCL2L1, CCND1, E2F1, HRAS, KCNH2, PIK3C2A, SHC1, SOS1, SPP1) in this pathway significantly (*P* \< 0.005) down-regulated in all samples of CCs from oocytes which led to clinical pregnancy (positive group) when compared to CCs associated to oocytes which gave a positive fertilization and transfer but did not result in a clinical pregnancy (negative group) (Fig. [2](#dex320F2){ref-type="fig"}). This expression pattern likely reflects the oocyte maturation and quality in the positive group. To further validate this hypothesis, the expression of three genes included in the significant data set for biological relevance (AKT1) or highest fold changes (BCL2L1 and SHC1) were analysed in mouse CCs collected from oocytes with different levels of competence based on their post-ovulatory age as shown in Fig. [3](#dex320F3){ref-type="fig"}A (9, 12, 15, 21 and 24 h post-hCG administration). A lower significant expression of these transcripts in CCs associated with oocytes in the correct window of maturation (12 and 15 h) was revealed, whereas higher expression levels were detected in CCs associated with not fully competent (9 h) or aged (21 and 24 h) MII oocytes (Fig. [3](#dex320F3){ref-type="fig"}B, C, D). These results were in line with data from human samples.

![Genes down-regulated in CCs associated with positive versus negative outcome. Bar charts show the 11 transcripts down-expressed in CCs associated with positive outcome versus negative outcome (control) ± SD. Raw data were analysed by DataAssist software under global normalization using GAPDH, 18 s and GUSB as selected internal controls. A gene was considered differentially expressed in positive CCs versus negative CCs when showing a fold change \>1.4 or \<0.7 and a *P*-value \< 0.05 (ANOVA). *P*-values were adjusted using Benjamini--Hochberg FDR correction.](dex320f02){#dex320F2}

![qRT-PCR for Akt1, Bcl2l1 and Shc in mouse CCs from oocytes at different maturation stages after hCG administration. (**A**) The curve draws the oocytes maturation profile after hCG administration. 12--15 h post-hCG (arrow) represents the optimal maturation window, 9 h represents the immature oocyte and 21--24 h the post maturation stage. (**B**) Relative Fold Change of Akt1 gene. (**C**) Relative Fold Change of Bcl2l1 gene. (**D**) Relative Fold Change of Shc1. Fold changes are calculated using ΔΔCt method to compare mRNA levels between samples (12, 15, 21, 24 h post-hCG) and control (9 h post-hCG). ANOVA test was used to assess the *P*-value, considering data significant when *P* \< 0.05 (\**P* \< 0.05, \*\**P* \< 0.005).](dex320f03){#dex320F3}

Moreover, we analysed the expression of other genes affected by PI3K/Akt but not included in the array used, namely ESR1, FOXO1, FOXO3 and FOXO4 in mouse and human CCs (Figs [4](#dex320F4){ref-type="fig"} and [5](#dex320F5){ref-type="fig"}).

![qRT-PCR ESR1, FOXO1, FOXO3 and FOXO4 human CCs from oocytes leading to a positive outcome versus a negative outcome. (**A**) Relative fold change of ESR1 gene. (**B**) Relative fold change of FOXO1 gene. (**C**) Relative fold change of FOXO3 gene. (**D**) Relative fold change of FOXO4 gene. ANOVA test was used to assess the *P*-value, considering data significant when *P* \< 0.05 (\**P* \< 0.05).](dex320f04){#dex320F4}

![qRT-PCR for Esr1, Foxo1, Foxo3 and Foxo4 in mouse CCs from oocytes at different maturation stages after hCG administration. (**A**) Relative Fold Change of Esr1 gene. (**B**) Relative Fold Change of Foxo1 gene. (**C**) Relative Fold Change of Foxo3 gene. (**D**) Relative Fold Change of Foxo4 gene. ANOVA test was used to assess the *P*-values, considering data significant when *P* \< 0.05 (\*P \< 0.05).](dex320f05){#dex320F5}

In human CCs, ESR1 transcript revealed a significant down-expression in CCs from positive group when compared to negative group. FOXO1 and FOXO3 did not show any significant variation between the groupss. FOXO4 showed a higher expression in CCs from the positive group.

In mouse, CCs a significantly lower expression of Esr1 was seen in oocytes at 12 and 24 h post-hCG compared to 9 h whereas no significant difference was detected in CCs associated with oocytes at 15 and 21 h.

Foxo1, Foxo3 and Foxo4 expression modulation in mouse CCs was variable at the different maturation times as reported in Fig. [5](#dex320F5){ref-type="fig"}.

IPA analysis of the 11 genes in the data set showed that they are connected in one network with a score = 33 centred around oestrogen receptor ESR1 (Fig. [6](#dex320F6){ref-type="fig"}). IPA upstream regulators analysis predicted a down-regulation of ESR1 expression (*z*-score −0.644, *P*-value \< 0.000004) as the driving molecule of the reported changes.

![IPA-inferred network analysis for the 11 genes down-regulated in CCs from oocytes leading to a positive outcome versus a negative outcome. IPA-inferred network analysis of the 11 genes revealed one network with a score = 33 centred around oestrogen receptor ERβ (central node). IPA upstream regulators analysis predicted a down-regulation of ERβ expression (*z*-score −0.644, *P*-value \< 4.01E-07) as the driving molecule of the reported changes in our data set.](dex320f06){#dex320F6}

Discussion {#dex320s13}
==========

The objective of this study was to investigate a PI3K/AKT pathway gene expression signature in human CCs as a predictive marker of successful embryo implantation. The expression of 92 genes was evaluated in the PI3K/AKT pathway in CCs associated with negative or positive reproductive outcome.

To increase the predictive power of the analysis, healthy women aged \<35 years were enroled to minimize the potential age-induced bias ([@dex320C16]; [@dex320C33]). In addition, patients receiving different stimulation preparations (see Table [I](#dex320TB2){ref-type="table"} and Fig. [1](#dex320F1){ref-type="fig"}) were recruited to obtain indicators of oocyte quality independent from the pharmaceutical treatment used since it is well known that r-hFSH, r-LH and hCG molecules are able to modulate CCs transcriptome ([@dex320C21]). Data analysis demonstrates that 11 transcripts included in the PI3K/AKT pathway are significantly down-regulated in all samples from the positive group when compared to the negative group. Accumulating evidence points to the PI3K signalling pathway as a critical regulator of COC function modulating oocyte maintenance or activation, and the proliferation, differentiation and stress response in granulosa cells (GCs) ([@dex320C34]).

The de-regulation of this pathway contributes to infertility status caused by impaired follicular development, intra-follicular oocyte development and ovulation ([@dex320C57]; [@dex320C34]).

The 11 transcripts (Table [II](#dex320TB3){ref-type="table"}) differentially expressed between the two analysed groups are involved in the control of proliferation, with anti-apoptotic functioning. In particular, AKT1 is a member of the serine/threonine-protein kinase family (AKT1, AKT2 and AKT3) which regulates many cellular processes including metabolism, proliferation, cell survival, growth and angiogenesis. AKT1 malfunction produces growth retardation and increased apoptosis in several tissue types ([@dex320C11]; [@dex320C8]). AKT1 expression was found in follicles at each developmental stage, in oocytes, and in GCs ([@dex320C10]). Data from mice highlighted that Akt1 disruption leads to a reduced number of mature follicles, reduced proliferation of GCs and increased number of degenerated oocytes. In the absence of Akt1 gene, a concomitant decreased expression of the anti-apoptotic factor, Bcl2l1 was reported ([@dex320C8]). BCL2L1 is widely expressed in human ovaries with an active role in protecting cells from apoptosis, as also demonstrated in rodents ([@dex320C29]). Moreover, oocytes and GCs express BCL2L1 during follicular development contrasting external apoptotic signals and promoting follicle growth ([@dex320C43]; [@dex320C27]). GCs and follicle proliferation and survival are also regulated by the activation of ARHGEF7 and CCND1, by respectively acting on FOXO3A action and cell cycle progression (G1/S phase transition) ([@dex320C48]; [@dex320C46]). E2F1, HRAS and SSP1 are involved in proliferation control, and their down-regulation has been observed in bovine granulosa cells during the shift from the growing follicle to the mature follicle ([@dex320C14]). Table IIThe 11 transcripts down-regulated in CCs from the positive outcome group compared to CCs in the negative outcome group.SymbolEntrez gene nameFold changeLocationFamilyAKT1v-akt murine thymoma viral oncogene homologue 1−6.53CytoplasmkinaseARHGEF7Rho guanine nucleotide exchange factor 7−4.24CytoplasmotherBCL2L1BCL2 like 1−9.72CytoplasmotherCCND1cyclin D1−10.69Nucleustranscription regulatorE2F1E2F transcription factor 1−4.58Nucleustranscription regulatorHRASHarvey rat sarcoma viral oncogene homologue−5.69Plasma MembraneenzymeKCNH2potassium voltage-gated channel subfamily H member 2−3.53Plasma Membraneion channelPIK3C2Aphosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 alpha−13.45CytoplasmkinaseSHC1SHC (Src homology two domain containing) transforming protein 1−9.19CytoplasmotherSOS1SOS Ras/Rac guanine nucleotide exchange factor 1−6.55CytoplasmotherSPP1Secreted phosphoprotein 1−5.67Extracellular Spacecytokine[^3]

Although, the remaining genes in our significant data set (KCNH2, PIK3C2A, SOS1 and SHC1) have not been specifically described in the ovary, they are known to have anti-apoptotic activity in other cellular types ([@dex320C1]; [@dex320C56]). Intriguingly, SOS1 is an upstream regulator of the PI3K/AKT pathway, inducing HRAS cascade and resulting in the nuclear translocation of AKT and BCL2 ([@dex320C32]) whereas SHC1 alterations cause embryo developmental arrest ([@dex320C18]).

Based on the above observations, the identified down-expression pattern suggests that CCs from oocytes with high developmental competence undergo proliferation arrest and a consequent increase in apoptotic activity. These results are in line with a recent study by Borup ([@dex320C7]) who defined a signature of 30 genes in CCs predictive of live birth. The authors found that the majority of these genes were down-regulated ([@dex320C7]). The main downstream effect of these genes is the increase of the apoptosis processes in the CCs surrounding competent oocytes capable to develop, implant and lead to live births ([@dex320C7]). This hypothesis is supported by another study which shows an increase of the apoptotic activity in CCs from MII oocytes when compared with GV oocytes ([@dex320C37]). Noteworthy, the apoptotic activity in follicular cells has been also investigated revealing that several apoptotic follicular cells could be found in healthy follicles ([@dex320C55]). Raman *et al.* demonstrated a positive association between apoptotic CCs having increased DNA fragmentation and a higher fertilization rate during ICSI procedures ([@dex320C40]). In contrast, many studies suggested inconsistent correlations between apoptosis in CCs and oocyte maturity ([@dex320C44]; [@dex320C33]) or evidenced a correlation between oocyte competence and the presence of CC apoptotic processes ([@dex320C28]).

Results from the animal model fit with the hypothesis that the down-expression signature of genes included in the PI3K/AKT pathway (Akt1, Bcl2l1 and Shc1) is correlated with the maturation and competence of oocytes. The lower expression of these transcripts in CCs associated with oocytes having correct timing of maturation (12--15 h) was evidenced, whereas higher levels in CCs associated with non-mature or aged oocytes were detected. In addition, results from the mouse model represent evidence that the genes are differentially expressed in CCs during the periovulatory and post-ovulatory periods. The expression changes in the analyzed transcripts are thereby associated with the optimal fertilization window and could represent potential markers of oocyte competence to be further explored in humans.

Finally, it can be speculated that the reported differential CC gene expression in the PI3K/AKT signalling is driven by hormonal changes. It has been demonstrated that the FSH-driven PI3K pathway activation in GCs, results in phosphorylation/activation of the downstream branch-point kinase AKT and its targets. This leads to the modulation of FSH target genes, namely the forkhead box-containing proteins in the O subfamily (FOXO1, FOXO3a and FOXO4) and Tuberin gene ([@dex320C14]). IPA upstream analysis supports this idea highlighting that the oestrogen receptor ESR1 is the driver of the expression modulation of the 11 evidenced genes (Fig. [4](#dex320F4){ref-type="fig"}). ESR1 is predicted to be down-regulated (*z*-score −0644) likely due to the decreasing FSH support at the end of the follicle maturation phase. This could lead to PI3K/AKT signalling switch off and the determination of the CCs fate including long-term survival in a quiescent state or programmed cell death ([@dex320C9]). To better investigate our hypothesis, the expression of ESR1, FOXO1, FOXO3 and FOXO4 was analysed in human and mouse CCs. Consistent with the IPA upstream analysis prediction, ESR1 was found to be down-regulated in both human and mouse CCs from competent oocytes. Thus, this drop seems to be associated with oocyte competence and is likely to result from follicle luteinisation. Nevertheless, in mouse CCs, Esr1 expression levels are partially recovered as early as 15 h post hCG and maintained during post-ovulatory ageing. This behaviour could be explained by considering that Esr1 can also act as an inhibitor of steroidogenesis throughout its ability to interact with multiple regulatory elements of oestrogen-dependent genes ([@dex320C25]). Moreover, high ESR1 levels may be ascribed to ROS generation during post-ovulatory aging ([@dex320C49]; [@dex320C50]).

FOXOs participate in various cellular processes, including cell proliferation, cycle and apoptosis, whose functions are regulated by Akt ([@dex320C45]; [@dex320C39]). FOXO1 is known to induce cell apoptosis throughout oxidative stress ([@dex320C52]). Thus, it is not surprising to find an increase in its expression in mouse CCs at 21 and 24 h post hCG, whereas its expression does not change in human CCs. Among FOXOs, FOXO3 is another marker of oxidative stress in CCs probably related to apoptosis. In fact, its expression profile in mouse CCs shows a minimum expression level at 12 and 15 h post hCG and a significant increase at 21 and 24 h post hCG. Similarly to FOXO1, FOXO3 is not differentially expressed in human CCs from the two analyzed groups.

In addition to its role in the process of follicle activation, Foxo3 is known to induce apoptosis in several systems including granulosa cells of mice ([@dex320C31]).

FOXO4 role in ovaries is unclear and rarely studied. [@dex320C42] showed that FOXO4 mRNA was elevated in ovaries after luteinisation and, consistently we found it significantly higher in the positive CCs group highlighting that a condition of oocyte competence is related to correct follicle maturation. On the other hand, here we demonstrate in the mouse model that this gene reaches \~10-fold increase at 24 h post hCG when compared with CCs from competent COCs suggesting that it is also involved in the regulation of oocyte aging.

Taken together, these data demonstrate that decreased expression of ESR1 and increased expression of FOXO4 could be considered markers of oocyte competence likely correlated with a correct luteinisation, whereas FOXO1 and FOXO3 seems to be markers of oocyte post-ovulatory aging showing expression changes only on post-ovulatory aged oocytes.

Prospective studies on a larger population are needed, correlating also gene expression to morpho-kinetics evaluations.

Conclusions {#dex320s14}
===========

The study reveal that specific CC genes in the PI3K/AKT pathway are strictly related to oocyte competence. Data show similar results in both humans and animal indicating that CCs from oocytes with a positive outcome have reduced expression of specific genes involved in cell proliferation, whereas higher expression of these transcripts could reflect oocytes with low rate of maturation and quality.

It can be speculated that CCs associated with competent oocytes have completed their role in sustaining oocyte development and are deciding on their fate in response to metabolic and hormonal changes.

Taken together, these data might be helpful to develop new useful tools to optimize oocyte selection strategies in ART protocols and to shed light on the molecular mechanisms regulating the cross-talk between the oocyte and the CCs.
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[Supplementary data are available at *Human Reproduction* online.](#sup1){ref-type="supplementary-material"}
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[^1]: AFC, antral follicle count; E~2~, estradiol.

[^2]: ^a^Student *t*-test. NS, not statistically significant (*P* \> 0.05).

[^3]: CC, cumulus cells.
